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Y-family polymerases help cells tolerate DNA
damage by performing translesion synthesis oppo-
site damaged DNA bases, yet they also have a high
intrinsic error rate. We constructed chimeras of two
closely related Y-family polymerases that display
distinctly different activity profiles and found that
the polypeptide linker that tethers the catalytic poly-
merase domain to the C-terminal DNA-binding
domain is a major determinant of overall polymerase
activity, nucleotide incorporation fidelity, and abasic
site-bypass ability. Exchanging just 3 out of the 15
linker residues is sufficient to interconvert the poly-
merase activities tested. Crystal structures of four
chimeras show that the conformation of the protein
correlates with the identity of the interdomain linker
sequence. Thus, residues that are more than 15 A˚
away from the active site are able to influence many
aspects of polymerase activity by altering the rela-
tive orientations of the catalytic and DNA-binding
domains.
INTRODUCTION
Polymerases belonging to the Y family are themain enzymes that
help cells tolerate DNA damage, by allowing DNA synthesis to
continue across from lesions that stall replicative polymerases
(Ohmori et al., 2001). The importance of these polymerases
became apparent when the variant form of xeroderma pigmen-
tosum (XPV) was found to be caused by a lack of polymerase
(pol) h, which was shown to have the ability to bypass cis-syn
cyclopyrimidine dimers (CPDs) accurately (McDonald et al.,
1999; Washington et al., 1999).
Although providing a benefit through their translesion
synthesis ability, the Y-family polymerases have a 10- to
1,000-fold higher mutational rate than replicative polymerases
(Kunkel, 2009). In some specific instances, mispair formation is
even favored over correct nucleotide insertion (Tissier et al.,
2000). The members of the Y family are grouped by sequence
similarity into six classes (Ohmori et al., 2001). Many organisms
have more than one type of Y-family polymerase, with humans
having four: pol h, pol i, Rev1, and pol k. The polymerases within20 Structure 21, 20–31, January 8, 2013 ª2013 Elsevier Ltd All rightsa class display similar lesion-bypass and mutational specific-
ities, although there can be significant variation even within
one class.
The Y-family polymerases contain two domains that are
required for full polymerase activity: an N-terminal catalytic poly-
merase domain (comprised of fingers, palm, and thumb subdo-
mains); and a C-terminal ‘‘little finger’’ or polymerase-associated
domain (LF/PAD) that assists with binding DNA. The conserved
sequence motifs that define the Y family of polymerases are all
contained within the catalytic domain. Both domains are
conserved in structure across the entire family, even though
the LF/PADs share little sequence identity.
The spectrum and frequency of mutations that occur during
translesion DNA synthesis are highly dependent on which poly-
merase replicates past a lesion. This is a key issue when multiple
translesion polymerases are present in a cell. The sources of
mutational specificity are still not well defined, at least in part
because the Y-family polymerases have diverged highly in
sequence, typically having just 30% sequence identity between
different classes and 40% or less identity within a class (Ohmori
et al., 2001). The importance of understanding the differences in
Y-family polymerase specificity is evident in XPV cells where, in
the absence of pol h, CPD lesions are bypassed by pol k,
pol i, and pol z (Dumstorf et al., 2006; Gueranger et al., 2008;
Wang et al., 2007; Ziv et al., 2009). Translesion synthesis by
these alternative polymerases is inaccurate, increasing the
mutation rate in XPV cells and greatly increasing the likelihood
of skin cancer in patients with XPV.
The first Y-family polymerase crystal structures (Ling et al.,
2001; Silvian et al., 2001; Trincao et al., 2001; Zhou et al.,
2001) suggested that the ability to bypass damaged template
bases arises from a very open and solvent-accessible active
site, a feature that also allows highly error-prone DNA synthesis
to occur. Subsequent Y-family polymerase structures have sup-
ported this original proposal and have also been able to identify
a few protein-DNA interactions that facilitate bypass of specific
DNA lesions, but given the wide range of specificities displayed
by the Y-family polymerases, there are clearly more specificity
determinants that remain to be discovered.
To our knowledge, Dpo4, from Sulfolobus solfataricus, is the
most-characterized Y-family polymerase (Ling et al., 2001),
with well over 50 structures deposited in the Protein Data Bank
(PDB). Dbh, from S. acidocaldarius, is a close relative of Dpo4,
sharing 54% amino acid identity overall (Boudsocq et al.,
2004; Kulaeva et al., 1996). Both are homologs of E. coli DinBreserved
Figure 1. Parental Y-Family Polymerases
Used to Construct Chimeric Enzymes
(A) Structure of Dbh showing overall protein
conformation and junctions (marked with arrow-
heads) before and after the linkers that were
exchanged in chimeric polymerases. Note the
short b strand in the linker that contacts both the
palm and the LF/PADs. This figure was made
using the coordinates from PDB 3BQ1 (Wilson and
Pata, 2008), a ternary complex that contains
incoming dNTP and primer-template DNA with an
extrahelical nucleotide in the template strand three
nucleotides to the 30 side of the templating base
(substrates not shown). Colored by domain: blue
(fingers), magenta (palm), green (thumb), yellow
(linker), and orange (LF/PAD). C, C-terminal;
N, N-terminal.
(B) Structure of Dpo4. Note the contact between
the LF/PAD and fingers domains. Domains are
colored as in (A), and junctions are marked with
arrowheads. This figure was made using the
coordinates from PDB 3QZ7 (Wu et al., 2011).
(C) Diagram showing the linear organization of the
polymerase domains and the protein sequences
of Dbh and Dpo4 in the region of the linker.
Domains are colored as in (A).
See also Table S1.
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Y-Family Polymerase Conformation and Specificityand human pol k, all of which belong to the only class of Y-family
polymerases that has been found in all domains of life. Sequence
identity is much higher in the polymerase domain (60% identity),
which contains all of the sequencemotifs that define the Y family,
than in the remainder of the protein (41% identity).
Despite the close relationship between Dbh and Dpo4, the two
polymerases display distinct activities in vitro (Boudsocq et al.,
2004). Dpo4 is the more active enzyme but is also more prone
to making base-substitution errors; Dbh inserts nucleotides
with higher fidelity but creates a larger fraction of deletion muta-
tions (Boudsocq et al., 2004). The polymerases also differ in
translesion specificity: Dpo4 bypasses cis-syn thymidine dimers
and abasic sites relatively efficiently, whereas Dbh does not
(Boudsocq et al., 2004).
The source of these differences was investigated by creating
chimeric versions of Dpo4 and Dbh and demonstrating that
differences in activity could be attributed to differences in the
C-terminal part of the protein, outside of the catalytic poly-
merase domain (Boudsocq et al., 2004). Differences between
electrostatic potential and curvature of the LF/PADs of Dbh
and Dpo4 were proposed to account for the differences in
activity. An implicit assumption in this proposal was that the
LF/PAD of Dbh would adopt a Dpo4-like conformation upon
binding DNA, suggesting that sequence variation in the LF/
PAD would be responsible for the differences in activity.
However, when we determined structures of three complexes
of Dbh bound to DNA (Wilson and Pata, 2008), we found that
Dbh did not adopt the typical conformation observed for Dpo4
(Figures 1A and 1B). Instead, it retained a conformation close
to the one observed for Dbh apoenzyme (Silvian et al., 2001).
Thus, the positioning of the LF/PAD, rather than any specific
sequence differences within the domain, could be responsible
for the differing activities of Dbh and Dpo4. The interdomainStructure 21linker sequence that connects the polymerase and LF/PADs
stood out as a candidate for determining the domain orientation
(Figure 1). In particular, the Dbh linker forms a short b strand that
interacts with both the polymerase palm and the LF/PAD, which
could interfere with changes in the relative orientation of the two
domains (Figure 1A). The Dpo4 linker, in contrast, does not form
this short b strand and has many fewer contacts in this region
with the catalytic and LF/PADs (Figure 1B). The linker was
included as part of the LF/PAD in the chimeras made previously
by Boudsocq et al. (2004). We hypothesized that the linker
sequences, rather than the LF/PAD itself, are important for deter-
mining the orientation of the LF/PAD and that differences in
domain orientation determine differences in activity.
Here, we show that the interdomain linker is indeed the key
region that controls specificity. Chimeric polymerases that
contain the Dpo4 linker behave like Dpo4, whereas those that
contain the Dbh linker behave like Dbh, regardless of the source
of the sequences in the polymerase and LF/PADs. Furthermore,
the overall conformation of the chimeric polymerases depends
on the identity of the linker sequence. Thus, by controlling the
enzyme conformation, the linker is a major determinant of spec-
ificity, even though it is located more than 15 A˚ away from the
active site.
RESULTS
Experimental Design
To test the hypothesis that the interdomain linker sequences are
important for activity, we made chimeric polymerases with all six
possible combinations of polymerase, linker, and LF/PADs.
Constructs are named by the parental source of each domain,
in order from N to C terminus. If the linker were the key determi-
nant of activity, switching after the linker (Dbh-Dbh-Dpo4 and, 20–31, January 8, 2013 ª2013 Elsevier Ltd All rights reserved 21
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Y-Family Polymerase Conformation and SpecificityDpo4-Dpo4-Dbh) would give the opposite result as switching
before the linker (Dbh-Dpo4-Dpo4 andDpo4-Dbh-Dbh). Further-
more, swapping the linker alone (Dbh-Dpo4-Dbh and Dpo4-
Dbh-Dpo4) should switch the activity of the otherwise parental
protein.
We defined the linker as shown in Figure 1C, starting immedi-
ately after the final helix in the thumb and running through the first
two residues in the first b strand in the LF/PAD: residues 232–246
in Dbh and 231–245 in Dpo4. We decided not to use the
boundary of the first b strand in the LF/PAD as the boundary
for the sequence exchange because the properties of Dbh
residues Pro245 and His246 are very different from the structur-
ally equivalent residues in Dpo4, Ser244, and Ile 245.
Polymerase Activity Is Determined by the Linker
Sequence
We compared all six chimeras and the two parental enzymes and
found that in assays tomeasure primer extension on undamaged
and abasic site-containing template DNA and single-nucleotide
incorporation fidelity, the identity of the linker domain is themajor
determinant of polymerase activity (Figure 2). In each experi-
ment, the enzymes were compared under identical conditions.
Quantitation of these assays is provided in Figure S2, which is
available online.
In primer-extension assays that contained equal concentra-
tions of all four dNTPs, we found that each of the chimeric poly-
merases behaves predominantly like the parental polymerase
that contributed the linker domain (Figures 2A, 2B, and S2A).
All of the chimeras containing the Dbh linker sequence behaved
most like the Dbh parent (Figure 2B, reactions 1–4; Figure S2A),
which extends the primer by just a few nucleotides even at the
highest concentration of enzyme. Similarly, all of the chimeras
containing the Dpo4 linker sequence behaved like the Dpo4
parent (Figure 2B, reactions 5–8; Figure S2A), which was able
to fully extend the primer to the end of the template at all but
the lowest enzyme concentration.
An even stronger correlation of activity with the linker
sequence identity was found in assays measuring the bypass
of an abasic site located immediately following the primer
terminus (Figures 2A, 2C, and S2B). Neither Dbh nor any chimera
containing the Dbh linker sequence was able to bypass the
abasic site, even at the highest concentration of enzyme used
(Figure 2C, reactions 1–4; Figure S2B). In contrast, Dpo4 and
all of the chimeras containing the Dpo4 linker sequence were
able to bypass the lesion and extend to the end of the template
at the highest enzyme concentration (Figure 2C, reactions 5–8;
Figure S2B).
In both of these multiple-nucleotide incorporation assays, the
predominant factor in the enzyme activity is the linker sequence,
but in some cases, there is a smaller contribution from other
domains. For example, at the highest polymerase concentration,
the Dpo4-Dbh-Dbh chimera is more active than Dbh and the
other Dbh linker-containing chimeras: 68% versus less than
36% primer extension (Figure 2B, lane 3a versus lanes 1a, 2a,
and 4a; Figure S2A). Also, at the lowest polymerase concentra-
tion, the Dpo4-Dpo4-Dbh chimera is more active than Dpo4
and the other Dpo4 linker-containing chimeras: 65% versus
less than 12% primer extension (Figure 2B, lane 6c versus lanes
5c, 7c, and 8c; Figure S2).22 Structure 21, 20–31, January 8, 2013 ª2013 Elsevier Ltd All rightsIn assays where each of the four dNTPs was included individ-
ually in a reaction to measure polymerase fidelity, the linker
domain was also the major determinant of nucleotide misincor-
poration activity (Figures 2D and S2C). Dbh and all of the Dbh
linker-containing chimeras displayed the highest accuracy,
predominantly incorporating only dCTP, the correct incoming
nucleotide, opposite a guanosine templating base, with at least
77% primer extension with dCTP compared to at most 30%
primer extensionwith any of the incorrect nucleotides (Figure 2D,
reactions 1–4; Figure S2C). In contrast, Dpo4 and all of the Dpo4
linker-containing chimeras were able to incorporate each of the
three incorrect nucleotides to a significant extent, with 89%–
93%primer extension with dCTP compared to 46%–88%primer
extension with the incorrect nucleotides (Figure 2D, reactions
5–8). In fact, in many of the reactions, enzymes containing the
Dpo4 linker were able to incorporate multiple copies of the single
nucleotide provided and to amuch greater extent than any of the
enzymes containing the Dbh linker.
Again, protein sequences outside the linker contribute some to
the activity but much less than the linker sequences. For
example, the Dpo4-Dbh-Dpo4 chimera is somewhat less accu-
rate, incorporating two dCTPs efficiently (95% primer extension,
about equally distributed between the two products), in contrast
to Dbh, Dbh-Dbh-Dpo4, and Dpo4-Dbh-Dbh, which predomi-
nantly incorporate just one (Figure 2D, lane 4C versus lanes
1C, 2C, and 3C; Figure S2C), indicating that the polymerase
domain of Dpo4 does contribute somewhat to the increased
error rate when it is paired with the Dbh linker and Dpo4 LF.
This effect, however, is quite small compared to the contribu-
tions from the linker.
The Linker Sequence Determines the Protein
Conformation
We have determined five crystal structures of four out of the six
chimeric proteins, at resolutions ranging from 1.9 to 2.35 A˚
(Table 1; Figure 3), and we have determined an additional struc-
ture of Dbh (Supplemental Information). All of the chimeras crys-
tallized under similar conditions, conditions that also allow
growth of the Dbh and Dpo4 parental enzyme crystals. The
structures include all three of the chimeras containing the
Dpo4 linker sequence (Dbh-Dpo4-Dpo4, Figures 3A and 3B;
Dbh-Dpo4-Dbh, Figure 3C; Dpo4-Dpo4-Dbh, Figure 3D) and
one of the chimeras containing the Dbh linker sequence (Dbh-
Dbh-Dpo4; Figure 3E). Three of the structures are ternary com-
plexes, containing protein, primer-template DNA, and incoming
dNTP (Figures 3A–3C), whereas two are binary complexes,
without incoming dNTP (Figures 3D and 3E). Three of the struc-
tures have two complexes in the asymmetric unit, with minimal
differences between complexes: root-mean-square deviations
(rmsds) of 0.11, 0.53, and 0.85 A˚, respectively, for Dbh-Dpo4-
Dpo4 #1, Dbh-Dpo4-Dbh, and Dpo4-Dpo4-Dbh. Unless other-
wise noted, the descriptions that follow apply to both
complexes in an asymmetric unit because most structural
features are identical. Despite many attempts, we were unable
to crystallize the chimeric polymerases with the same primer-
template DNA. The sequences used for each crystal are shown
in Figure 3.
All of the structures with the Dpo4 linker were solved by
molecular replacement using full-length Dpo4 as a searchreserved
Figure 2. Single- and Multiple-Nucleotide Incorporation by Chimeric Polymerases on Undamaged and Abasic Site DNA
(A) Primer-template sequences showing undamaged template (top) and template containing an abasic site (denoted by _; bottom). Primers were labeled at the
50 end during synthesis with 6-FAM (denoted by an asterisk [*]).
(B) Polymerase assays on undamaged primer-template DNA containing (a) 160 nM, (b) 40 nM, or (c) 10 nM protein with 40 nM DNA and 1 mM each dATP, dCTP,
dGTP, and dTTP. Reactions were incubated at 60C for 5 min.
(C) Polymerase assays on primer-template DNA containing abasic site in the template strand immediately adjacent to the terminal base pair. Protein and
substrate concentrations were the same as in (B). Reactions were incubated at 60C for 10 min.
(D) The undamaged primer-template DNA shown in (A) was used as the substrate in reactions that separately contained 1 mM dCTP (lanes C), dGTP (lanes G),
dATP (lanes A), or dTTP (lanes T) with 1 mM enzyme, and 40 nM primer-template DNA. Reactions were incubated at 37C for 5 min.
See Figure S2 for quantitation.
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Y-Family Polymerase Conformation and Specificitymodel, but no significant solutions were identified using
full-length Dbh. The structure of Dbh-Dbh-Dpo4 was solved by
molecular replacement using the polymerase domain of Dbh
as a search model; the LF/PAD was placed manually as refine-Structure 21ment proceeded and electron density for this domain became
clear.
The most significant aspect of the structures is that they
demonstrate that the identity of the linker sequence is the major, 20–31, January 8, 2013 ª2013 Elsevier Ltd All rights reserved 23
Table 1. Data Collection and Refinement Statistics
Dbh-Dpo4-Dpo4 #1 Dbh-Dpo4-Dpo4 #2 Dbh-Dpo4-Dbh Dpo4-Dpo4-Dbha Dbh-Dbh-Dpo4
PDB 4F4W 4F4X 4F4Y 4F4Z 4F50
Data Collectionb
Space group P21 P21212 P21 P1 P41212
Complexes per a.s.u. 2 1 2 2 1
Unit Cell Dimensions
a, b, c (A˚) 52.82, 99.66,
101.63
101.12, 102.31,
52.88
53.31, 103.76,
112.99
50.97, 51.20,
98.84
124.48, 124.48,
70.47
Angles () b = 90.16 b = 101.76 a = 75.6, b = 82.97,
g = 70.14
Beamline X29 X25 X25 X25 X25
Wavelength (A˚) 1.075 1.1 1.1 0.9795 0.9795
Resolution range (A˚) 30–1.90
(1.93–1.90)c
30–2.04
(2.08–2.04)c
30–2.35
(2.39–2.35)c
30–2.3
(2.34–2.30)c
30–2.22
(2.26–2.22)c
No. of reflections measured 278,972 170,978 132,008 40,538 262,511
Average redundancy (%) 3.5 (2.5) 4.9 (2.2) 2.8 (1.7) 1.8 (1.4) 9.7 (3.8)
Completeness (%) 96.5 (81.1) 97.3 (80.9) 95.3 (80.7) 81.1 (50.5) 97.4 (79.9)
Rmerge (%) 3.9 (16.6) 7.0 (33.3) 8.4 (24.5) 3.0 (19.0) 5.1 (35.3)
I/sig(I) 28.5 (3.8) 24.4 (5.1) 16.5 (3.9) 21.3 (2.0) 31.9 (2.2)
Refinement
No. of reflections 80,155 35,101 47,570 32,443 27,377
Resolution range (A˚) 30–1.9 30–2.04 30–2.3 30–2.3 30–2.2
Percent Rwork/Rfree 18.7/21.9 21.8/25.0 22.2/25.9 18.5/26.0 21.2/26.9
Molecular Composition
No. of amino acid residues 684 342 686 684 337
No. of nucleotides 56 32 68 47 24
No. of incoming dCTP 2 1 2 0 0
No. of Ca2+ ions 4 4 4 3 1
No. of water molecules 708 186 252 91 74
Average B Factors (A˚2)
Macromolecules 32.7 43.0 49.3 69.3 81.3
Solvent 40.5 42.8 41.2 53.6 58.8
Rmsds
Bonds (A˚) 0.011 0.008 0.006 0.007 0.008
Angles () 1.493 1.323 1.110 1.142 1.227
Ramachandran Plot
Favored (%) 98.4 98.0 94.1 95.3 95.2
Allowed (%) 1.6 2.0 5.1 4.6 4.8
Outliers (%) 0.0 0.0 0.8 0.1 0.0
a.s.u., asymmetric unit.
aDiffraction from these crystals was highly anisotropic. The high-resolution limit used was based on a signal-to-noise ratio of 2.0 in the outer resolution
shell, even though the completeness of the data was low (50% in the outer shell; 81% overall). At a high-resolution limit of 2.75 A˚, the signal-to-noise
ratio was 7.0 in the outer shell, with a completeness of 79.0% (91.6% overall) and a merging R factor of 8.6% (2.8% overall).
bValues for outermost resolution shells are given in parentheses.
cRange in parentheses represents outer shell.
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Y-Family Polymerase Conformation and Specificitydeterminant of the overall polymerase conformation: chimeras
containing the Dpo4 linker are in the same conformation as
Dpo4, and the chimera containing the Dbh linker is in a Dbh-
like conformation (Figure 4). The structures of the Dpo4 linker
chimeras superimpose on Dpo4 with an average rmsd of
1.15 A˚ (range: 0.98–1.27 A˚ over 340 CA atoms; Figure 4A). In
contrast, these chimeras superimpose on Dbh with an average24 Structure 21, 20–31, January 8, 2013 ª2013 Elsevier Ltd All rightsrmsd of 4.95 A˚ (range: 4.65–5.22 A˚ over 340 CA atoms). With
the polymerase domains aligned, the LF/PAD of these chimeras
would need to rotate approximately 50 around an axis roughly
parallel to the DNA in order to line up with the LF/PAD of Dbh
(Figure 4A). Conversely, over all CA atoms, the Dbh-Dbh-Dpo4
chimera superimposes on Dbh with an rmsd of 2.97 A˚ compared
to 5.21 A˚ for Dpo4 (PDB 2AGQ; Vaisman et al., 2005). Rotatingreserved
Figure 3. Structural Overview of Chimeric Polymerases
The structures of five complexes between chimeric polymerases and DNA are shown: (A) Dbh-Dpo4-Dpo4, complex #1; (B) Dbh-Dpo4-Dpo4, complex #2; (C)
Dbh-Dpo4-Dbh; (D) Dpo4-Dpo4-Dbh; and (E) Dbh-Dbh-Dpo4. The protein is shown with a molecular surface representation and is colored by the parental
sequence: Dpo4 (green), Dbh (yellow). DNA primer-template sequences and nucleotide (if any) that were included during cocrystallization are shown below each
structure; sequences shown in lowercase were not visible in the electron density maps. DNA is shown in a ladder representation. Nucleotides shown in red in (B)
and (C) were designed to be unpaired; nucleotides shown in blue in (B) and (C) were added to the primer terminus during cocrystallization (see Supplemental
Experimental Procedures and Figures S3D and S3E). Calcium ions at the active site are shown as chartreuse spheres; incoming nucleotides are shown in stick
representation, colored by atom: carbon (white), oxygen (red), nitrogen (blue), and phosphate (yellow). See Figures S3 and S4 for additional details.
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Y-Family Polymerase Conformation and Specificitythe LF/PAD of the chimera by 30 around an axis nearly perpen-
dicular to the DNA axis would bring the domains into alignment
(Figure 4B).
Because the chimeras did not all crystallize with the identical
DNA substrate, it is possible that the conformation is influenced
by the DNA instead of (or in addition to) the linker, but we do not
think this is the case. For Dpo4, we have previously shown that
DNA containing a bulged base in the template strand does not
cause Dpo4 to adopt the Dbh conformation (Wu et al., 2011).
For Dbh, the conformation is nearly identical in all of the struc-
tures that have been determined (rmsds between 0.69 and
2.22 A˚; Figure S1D): three independent views of the apoenzyme
(Silvian et al., 2001); three structures in complex with DNA
containing a bulged template base with and without incoming
nucleotide (Wilson and Pata, 2008); and one ternary complex
without a bulged base (Supplemental Information).
In all of the chimeras, the linker sequence retains the confor-
mation of the parental enzyme (Figures 4 and S1D). The largestStructure 21structural differences between the Dbh and Dpo4 linkers are
located in the last six amino acids of the linker (Figures 4C–4H;
residues Lys241-His246 in Dbh and Arg240-Ile245 in Dpo4;
equivalent to residues Arg241-Ile246 in the Dbh-Dpo4-Dpo4
and Dbh-Dpo4-Dbh chimeras). The Dpo4 linker adopts a more
extended conformation (Figure 4C), whereas the Dbh linker
maintains closer contacts with both the palm and LF/PAD (Fig-
ure 4G). The distance from the CA atom of Ser103 (in the palm
of both Dbh and Dpo4) to the CA atom of Lys244 in the Dpo4
linker ranges from 12.2 to 13.2 A˚ (Figures 4C–4F), whereas the
distance to the CA atom of Ile 244 in the Dbh linker (the structur-
ally equivalent residue) is just 5.5 A˚ (Figures 4G and 4H).
In all of the chimeras that contain the Dpo4 linker, the LF/PAD
spans the major groove of the primer-template DNA duplex
(Figures 3A–3D), with the outer strands of the b sheet forming
a series of hydrogen bonds with the DNA backbone on both
strands. Additionally, the b2–3 loop on the side of the fingers
contacts the LF/PAD and becomes well ordered, even in the, 20–31, January 8, 2013 ª2013 Elsevier Ltd All rights reserved 25
Figure 4. Chimeric Polymerase Conforma-
tion Depends on the Identity of the Linker
Sequence
(A) Stereo diagram of the Dpo4 linker-containing
chimeric polymerases (Figures 3A–3D) super-
imposed on Dpo4 (PDB 2AGQ; Vaisman et al.,
2005). Individual proteins superimpose with rmsds
ranging from 0.80 to 1.82 A˚ over 340 CA atoms.
Chimeric proteins are colored as in Figure 1A;
Dpo4 is colored gray. Arrow and dotted line show
the magnitude and axis of rotation that would be
needed to align the LF/PAD of these proteins onto
the LF/PAD of Dbh.
(B) Stereo diagram of the Dbh linker-containing
chimera, Dbh-Dbh-Dpo4 (Figure 3E), super-
imposed on Dbh (PDB 3BQ2; Wilson and Pata,
2008). Rmsd is 2.97 A˚ over 337 CA atoms.
Chimeric proteins are colored as in Figure 1A; Dbh
is colored gray. Arrow and dotted line show the
magnitude and axis of rotation that would be
needed to align the LF/PAD of Dbh-Dbh-Dpo4
with the LF/PAD of Dbh.
(C–H) Close-up views of the linker (yellow) and
nearby sequences in the palm (magenta) and LF/
PAD (orange) domains of (C) Dpo4 (PDB 3QZ7),
(D) Dpo4-Dpo4-Dbh, (E) Dbh-Dpo4-Dpo4 #1, (F)
Dbh-Dpo4-Dbh, (G) Dbh (PDB 3BQ2), and (H)
Dbh-Dbh-Dpo4. Residues discussed in the text
are show in stick representation. Dotted lines
indicate hydrogen bonds.
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Y-Family Polymerase Conformation and Specificitythree chimeric protein structures that contain the Dbh poly-
merase domain (Figures 3A–3C and 4A). The b2–3 loop is not
well ordered in previously published structures of the Dbh
parental enzyme, but in these chimeras, it adopts the same
conformation as in Dpo4 (Figures 4A and S3A). Arg36 in the
loop forms hydrogen bonds with two residues in the LF/PAD:
the side-chain oxygen (OD1) of Asn255, and the backbone
carbonyl of residue Leu252 in Dbh (Met251 in Dpo4). In this
conformation, two conserved arginines in the LF/PAD (Arg332
and Arg333 in Dbh; Arg331 and Arg332 in Dpo4) are able to
contact the phosphate of the templating base, and Thr251 can
hydrogen bond to the phosphate immediately 30 to the templat-
ing base (Figure S3A).
In contrast to the Dpo4 linker, the Dbh linker appears to restrict
the movement of the LF/PAD, preventing it from fully docking in
the DNA duplex and making contact with the b2–3 loop (Figures26 Structure 21, 20–31, January 8, 2013 ª2013 Elsevier Ltd All rights reserved3E and 4B). In the Dbh-Dbh-Dpo4
chimera, the outer strand of the LF/PAD
b strand points into the major groove of
the DNA, and the b2–3 loop on the side
of the fingers is disordered (Figures 3E
and 4B). In structures of the Dbh parent
(Silvian et al., 2001; Wilson and Pata,
2008), the short b strand in the linker
forms backbone hydrogen bonds with
b strands in both the polymerase domain
and the LF/PAD, holding the two domains
together (data not shown). In the Dbh-
Dbh-Dpo4 chimera, however, the inter-
actions with the polymerase palm aremaintained, but the interactions with the LF/PAD are disrupted
(Figure 4H versus 4G). These are replaced in the chimera by
two weaker hydrogen bonds (3.5 A˚ long) that form between
the side-chain nitrogen (NZ) of Lys241 (in the Dbh linker) and
the backbone carbonyl of Phe341 (in the Dpo4 LF/PAD) and
between the side-chain nitrogen of Arg280 (in the Dpo4 LF/PAD;
data not shown) and the backbone carbonyl of Ile244 (in the Dbh
linker).
To further define the linker residues that are important for the
differences between Dbh and Dpo4, we exchanged the six
amino acids that adopt different conformations and found that
overall activity, ability to bypass an abasic site, and base-
substitution fidelity were exchanged as well (Figure 5; quantita-
tion shown in Figure S2). Dbh containing theDpo4 linker residues
(Dbh-RVRKSI) behaves like Dpo4 (Figure 5, reaction set 1,
versus Figure 2, reaction set 5), whereas Dpo4 containing the
Figure 5. Nucleotide Incorporation on
Undamaged and Abasic Site DNA by
Chimeric Polymerases with Three or Six
Linker Residues Exchanged
(A) Polymerase assays on undamaged primer-
template DNA containing (a) 160 nM, (b) 40 nM, or
(c) 10 nM protein with 40 nM DNA and 1 mM each
dATP, dCTP, dGTP, and dTTP. Reactions were
incubated at 60C for 5 min. DNA sequences are
as shown in Figure 2A.
(B) Polymerase assays on primer-template DNA
containing abasic site in the template strand
immediately adjacent to the terminal base pair.
Protein and substrate concentrations were the
same as in (A). Reactions were incubated at 60C
for 10 min.
(C) The undamaged primer-template DNA used in
(A) was used as the substrate in reactions that
separately contained 1 mM dCTP (lanes C), dGTP
(lanes G), dATP (lanes A), or dTTP (lanes T) with
1 mM enzyme, and 40 nM primer-template DNA.
Reactions were incubated at 37C for 5 min.
See Figure S2 for quantitation.
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Y-Family Polymerase Conformation and SpecificityDbh linker residues (Dpo4-KSKIPH) behaves like Dbh (Figure 5,
reaction set 3 versus Figure 2, reaction set 1). Exchanging three
of these six amino acids, residues 242–244 (Arg-Lys-Ser) of
Dpo4 and residues 243–245 (Lys-Ile-Pro) of Dbh, gives a similar
result (Figure 5, reaction set 2, Dbh-RKS, and reaction set 4,
Dpo4-KIP).
No single-point mutation in the linker is sufficient to completely
change the enzyme activity in all the assays (Figure 6; quantita-
tion shown in Figure S2). Of the residues tested, the S244P
mutation in Dpo4 has the most significant effect on its own:
dramatically decreasing bypass of an abasic site (Figure 6B,
Dpo4 parent, reaction set 10 versus reaction set 6) and
increasing the single-nucleotide incorporation fidelity somewhat
(Figure 6C, Dpo4 parent, reaction set 10 versus reaction set 6).
The complementary mutation in Dbh, P245S, has little effect on
lesion bypass (Figure 6B, Dbh parent, reaction set 5 versus reac-Structure 21, 20–31, January 8, 201tion set 1), but it does decrease the fidelity
of Dbh to the extent that it is comparable
to Dpo4 (Figure 6C, Dbh parent, reac-
tion set 5 versus Dpo4 parent, reaction
set 6). The other point mutations tested
(Dbh K241R, K243R, and I244K; Dpo4
R240K, R242K, and K243I) had minimal
effects on the activities of the parental
polymerases (Figures 6 and S2).
DISCUSSION
Long-Distance Effects of the Linker
on Catalytic Activity
The data presented here demonstrate
that the linker sequence connecting the
catalytic and C-terminal DNA-binding
domains of the archaeal Y-family poly-
merases is a major determinant of cata-
lytic activity on undamaged DNA, abilityto bypass an abasic site, and nucleotide incorporation fidelity.
Furthermore, the linker is also a primary determinant of the over-
all polymerase conformation.
Themost striking example of the importance of the linker is the
Dbh-Dpo4-Dbh chimera: the polymerase and LF/PADs are both
derived from Dbh, yet the conformation and catalytic activities
are like those of Dpo4, the source of the linker. This chimera
clearly establishes that the Dpo4 linker is sufficient to allow the
rest of the protein, which is derived from Dbh, to adopt
a Dpo4-like conformation and to behave like Dpo4. Crystals of
this chimera even show Dpo4-like features of error-prone DNA
synthesis (Supplemental Information).
The key differences between the Dbh and Dpo4 linkers are
located in three amino acids near the junction with the LF/
PAD (Lys243-Ile244-Pro245 in Dbh; Arg242-Lys243-Ser244 in
Dpo4). The significance of these differences appears to be3 ª2013 Elsevier Ltd All rights reserved 27
Figure 6. Single- and Multiple-Nucleotide Incorporation by Dbh and Dpo4 with Individual Point Mutations in the Linker
Primer-template sequences are the same as shown in Figure 2A.
(A) Polymerase assays on undamaged primer-template DNA containing (a) 160 nM, (b) 40 nM, or (c) 10 nM protein with 40 nM DNA and 1 mM each dATP, dCTP,
dGTP, and dTTP. Reactions were incubated at 60C for 5 min.
(B) Polymerase assays on primer-template DNA containing abasic site in the template strand immediately adjacent to the terminal base pair. Protein and
substrate concentrations were the same as in (A). Reactions were incubated at 60C for 10 min.
(C) The undamaged primer-template DNAwas used as the substrate in reactions that separately contained 1mMdCTP (lanes C), dGTP (lanes G), dATP (lanes A),
or dTTP (lanes T) with 1 mM enzyme, and 40 nM primer-template DNA. Reactions were incubated at 37C for 5 min.
See Figure S2 for quantitation.
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Y-Family Polymerase Conformation and Specificity2-fold: the Arg-Lys-Ser residues in Dpo4 all make direct polar
contacts to the DNA backbone, whereas the proline in Dbh
seems to restrict the linker from moving into a position where it
could directly contact the DNA. Of the single-point mutations,
Dpo4 S244P had the greatest effect, essentially eliminating the
ability of Dpo4 to bypass an abasic site (Figure 6B, reaction
set 10). The reciprocal mutation, Dbh P245S, was not able to
substantially increase abasic site bypass (Figure 6B, reaction
set 5), but it did increase nucleotide misincorporation of Dbh to
a level comparable to that of Dpo4 (Figure 6C, reaction set 5
versus 6). The next most important mutations were Dbh I244K
and Dpo4 K243I, both of which had relatively modest effects
compared to Dpo4 S244P.
Conformational differences in the linker are communicated to
the active site via the LF/PAD. The extended conformation of the
Dpo4 linker sequence allows the LF/PAD to move into a position
where Arg36 in the b2–3 loop on the side of the fingers can
contact the LF/PAD and form a shallow groove for the template
DNA as it enters the active site. Two conserved arginines in the
LF/PAD (Arg331/Arg332 in Dpo4; Arg332/Arg333 in Dbh) form
hydrogen bonds with the phosphate on the 50 side of the tem-
plating base, and a conserved threonine (Thr250 in Dpo4;28 Structure 21, 20–31, January 8, 2013 ª2013 Elsevier Ltd All rightsThr251 in Dbh) hydrogen bonds with the phosphate on the 30
side of the templating base.
The position of the LF/PAD defines one edge of the nascent
base pair-binding pocket, whereas the catalytic residues define
the other. With the Dpo4 linker, the pocket is just wide enough to
fit a standard Watson-Crick base pair, and the substrates are
thus positioned well for catalysis. With the Dbh linker, however,
the LF/PAD is not able to reach the b2–3 loop. The templating
base is therefore not constrained along the phosphate back-
bone, and it is positioned further away from the active site
compared to structures with the Dpo4 linker. The base paired
with the templating base is consequently pulled further away
from the active site. This provides an explanation for why, in
the ternary complex of Dbh (Wilson and Pata, 2008), the
incoming nucleotide and primer terminus are not positioned
optimally for catalysis and consequently why Dbh (and the Dbh
linker-containing chimeras) performs the nucleotidyl transferase
reaction much more slowly than Dpo4 (and the Dpo4 linker-
containing chimeras).
Different polymerase conformations, arising from alterations in
the linker, result in the observed differences in the shape and size
of the nascent base pair-binding pocket. These structuralreserved
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synthesis and nucleotide incorporation fidelity could be so
dramatically impacted by sequence changes so far away from
the active site.
Conformational Dynamics and the Evolution of Enzyme
Specificity
Extensive structural, kinetic, andmutational studies of the A-, B-,
and X-family DNA polymerases have identified close steric
restraints around the nascent base pair-binding pocket as
a key source of high replication fidelity (Beard and Wilson,
2003). In these polymerase families, the fingers domain
undergoes a large conformational change that is stabilized in
the closed conformation by binding of the correct, but not incor-
rect, incoming nucleotide. The importance of the dynamics of the
conformational change to fidelity has recently been demon-
strated for T7 DNA polymerase (Jin and Johnson, 2011):
mutating two glycine residues to alanines in a hinge sequence
at the base of the fingers reduced the mobility of the domain
and simultaneously decreased polymerase fidelity. The key to
achieving high-fidelity synthesis is that binding of only the
correct nucleotide slows the rate of fingers opening, committing
the correct ternary complex to catalysis (Johnson, 2008).
The Y-family polymerases do not display the same large-scale
conformational change in the fingers domain as in the other DNA
polymerase families and, instead, have a relatively rigid, pre-
formed active site that is in position to catalyze nucleotide
addition when substrates are bound correctly. Rather than
movement of the fingers, movement of the LF/PAD appears to
alter fidelity and specificity because of the ease or difficulty of
positioning the DNA and dNTP substrates at the active site.
Thus, conformational changes affect the fidelity of Y-family poly-
merases in a distinctly different way than in other DNA poly-
merase families: flexibility of the LF/PAD allows both correct
and incorrect nucleotides to be positioned at the active site for
catalysis, whereas restricting this flexibility results in more accu-
rate nucleotide incorporation.
Two questions raised by the structures presented here are
how are the substrates positioned, and what is the protein
conformation when Dbh and the Dbh linker-containing chimeras
catalyze nucleotide addition? Further experiments will be
required to address these questions definitively, but we favor
the idea that the primer-template DNA, dNTP, and LF/PAD all
move together to transiently adopt a conformation similar to
that observed in structures of Dpo4 and the Dpo4 linker-contain-
ing chimeras, for the following reasons. First, mutation of the
‘‘steric gate’’ residue (Phe12) of Dbh to alanine reduces the steric
selection against ribonucleotide incorporation (DeLucia et al.,
2006) and also reduces the specificity that Dbh shows for
bypassing N2-furfuryl-dG (Jarosz et al., 2006). In the ternary
complex structure of Dbh, the incoming nucleotide has no
contact with the steric gate residue, so it is difficult to imagine
how the mutation could affect specificity unless there exists
another state where they are in contact. Second, LF/PAD resi-
dues Arg331, Arg332, and Thr250, which are all involved in direct
contacts to the templating DNA in Dpo4 crystal structures, are
strictly conserved in Dbh, even though they do not make the
same contacts as in Dpo4. Similarly, Arg36 in the b2–3 loop
and Asn254 in the LF/PAD, which form the major contactStructure 21between the fingers and LF/PADs in Dpo4, are identical in
Dbh, even though this contact does not exist in the structures
of Dbh.
The significance of the linker conformation in Dbh may be that
it reduces the mobility of the LF/PAD. In contrast, Dpo4 appears
relatively flexible because the LF/PAD of Dpo4 has been found in
several different positions: in the apoenzyme structure (Wong
et al., 2008), in one abasic site-containing DNA complex (Ling
et al., 2004), and in the cocrystal structure of Dpo4 with PCNA
(Xing et al., 2009), even though most DNA-bound structures of
Dpo4 are in the conformation shown in Figure 1B, regardless
of having a bound nucleotide, a bulged base, or a variety of
different lesions.
Flexibility of the interdomain linker may allow efficient binding
of DNA containing bulky or distorting lesions, and it may allow
a wide range of lesions to be substrates, but those advantages
may come at the cost of an increased error rate, as seen in the
comparison of Dpo4 and Dbh. Dpo4 is able to bypass an espe-
cially wide range of lesions, including ones such as thymidine
dimers (Boudsocq et al., 2004) that are not generally preferred
substrates for DinB homologs. An active site that can be readily
adapted to different substrates would be especially useful in
organisms that have just one Y-family polymerase.
Many of the eukaryotic Y-family polymerases have sequence
insertions that form additional contacts between the core poly-
merase and LF/PADs that could also influence the LF/PAD
conformation. Based on the work presented here, it appears
that reducing interdomain mobility would increase specificity
by reducing the variability in the geometry and size of the
substrate-binding pocket, whichmay also increase fidelity. Poly-
merases k, h, and Rev1 all contain sequence insertions that
contact both the polymerase and LF/PADs and thereby reduce
domain mobility (Alt et al., 2007; Lone et al., 2007; Nair et al.,
2005; Silverstein et al., 2010; Swan et al., 2009; Trincao et al.,
2001; Uljon et al., 2004).
Interestingly, pol i, which preferentially incorporates dGTP
opposite a templating T, is missing the b2–3 loop on the side
of the fingers domain (Nair et al., 2004). Because the loop is
missing, the LF/PAD is located 2 A˚ closer to the catalytic resi-
dues, narrowing the nascent base pair-binding pocket, which
was proposed to explain pol i’s preference for forming Hoogs-
teen rather than standard Watson-Crick base pairs (Kirouac
and Ling, 2009; Nair et al., 2004). Exchanging the fingers
domains of Dpo4 and pol i caused Dpo4 to have misincorpora-
tion specificity similar to pol i (Kirouac and Ling, 2009), consis-
tent with the proposal. This same study did not find a role for
the linker in the specificity of these enzymes; however, the linkers
of both Dpo4 and pol i extend away from the palm domain (unlike
Dbh), sowewould not predict that the linker would be a source of
the difference between these two Y-family polymerases (Kirouac
and Ling, 2009). Given the large evolutionary distance between
the two enzymes, it may not be surprising that the sources of
specificity are more complex.
The role of conformational changes in enzyme specificity has
been controversial (Johnson, 2008). Examples can be difficult to
identify because of the need to detect multiple conformational
states and to demonstrate that changing the conformation
causes a change in specificity. Recent work on the p53
tumor suppressor demonstrates that a conformational switch, 20–31, January 8, 2013 ª2013 Elsevier Ltd All rights reserved 29
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specific versus nonspecific DNA sequences by slowing the
dissociation rate of p53 from the specific target site (Petty
et al., 2011). In another case, the substrate specificity of human
breast cancer-resistance protein, a drug efflux pump, was
changed by a single proline to alanine mutation in a transmem-
brane helix; structural modeling suggested that a change in helix
flexibility causes the change in specificity (Ni et al., 2011). Thus,
conformational changes that are initiated both close to and far
away from the substrate-binding site can significantly impact
specificity.
The Y family of polymerases is distinctive in having an extraor-
dinarily wide range of lesion specificity and nucleotide incorpora-
tion fidelity. Within this polymerase family, Dpo4 and Dbh have
relatively high-sequence conservation but still have diverged
enough so that they have acquired different specificities. Finding
that at most three amino acid changes are required to change
enzyme specificity provides a very clear example of how confor-
mational dynamics can contribute to the evolution of enzyme
specificity, even when the residues involved are quite distant
from the active site. Finally, one intriguing implication of these
findings is that the conformation of Y-family polymerases could
be modulated allosterically, through interactions with other
molecules or through posttranslational modifications, thus
providing a potential mechanism for regulating Y-family DNA
polymerase activity and specificity in cells.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification
Dbh and Dpo4 were expressed and purified as described previously (Wilson
and Pata, 2008; Wu et al., 2011). Chimeras were generated by overlap PCR
from the parental Dbh and Dpo4 plasmids, simultaneously adding a C-terminal
hexahistidine tag, and then cloning into the expression vector pKKT7. The
intrinsic activities of Dpo4 (Fiala and Suo, 2004) and Dbh (unpublished data)
are not altered by the presence of a tag at the C terminus. All plasmids were
transformed into E. coli BLR(DE3)pLysS cells (Novagen) and grown in 23YT
medium at 37C. The cells were then induced with 0.5 mM IPTG, and the
temperature was reduced to 20C for overnight expression.
For the chimeras, cell pellets were resuspended in lysis buffer (20 mM
HEPES [pH 7.5], 500 mM NaCl). Cells were lysed by sonication and heated
at 75C for 20 min. Subsequent steps were performed at 4C. Cleared lysates
were loaded onto HiTrap chelating HP columns (2 3 5 ml; GE Healthcare)
charged with nickel sulfate, and chimeras were eluted using a linear gradient
of 50 mM to 1 M imidazole in 20 mM HEPES (pH 7.5), and 500 mM NaCl.
Pooled fractions were dialyzed into storage buffer (20 mM HEPES [pH 7.5],
100 mMNaCl, 0.5 mM EDTA, and 5 mMDTT) and kept at 4C. Concentrations
were determined by UV absorbance at 280 nm using a calculated extinction
coefficient of 22,350 M1 cm1.
Polymerase Assays
Primers and templates were synthesized by Integrated DNA Technologies,
with a 50-6-carboxyfluorescein (6-FAM) label on the primers, and were
annealed in 10 mM HEPES (pH 7.5) and 50 mM NaCl by heating for 2 min at
95C, incubating for 5 min at 55C, and then slowly cooling to 25C. Reactions
were performed in a solution containing 20 mM HEPES (pH 8.0), 85 mM NaCl,
5 mM MgCl2, 1 mM DTT, 40 nM annealed primer-template DNA. Incubation
temperatures (22C, 37C, or 60C), incubation times (0–20 min), and poly-
merase concentrations (10 nM to 4 mM) are given in figure legends. Each nucle-
otide added to the reactions was present at 1 mM. Reactions were quenched
by the addition of an equal volume of 80% formamide containing 50mMEDTA,
with bromophenol blue and xylene cyanol dyes. Samples were incubated at
95C for 5 min just prior to electrophoresis on a 17.5% polyacrylamide
(19:1), 7.5 M urea, 13TBE gel that was preheated and run at 50C. Gels30 Structure 21, 20–31, January 8, 2013 ª2013 Elsevier Ltd All rightswere imaged using a Typhoon 9400 scanner and quantified using ImageQuant
software (GE Healthcare).
Crystallization and Structure Determination
Primer and templateDNAoligonucleotides (sequences shown in Figure 3)were
synthesized by Integrated DNA Technologies and annealed in a solution con-
taining 10 mM HEPES (pH 7.5) and 50 mM NaCl by heating for 2 min at
95C, incubating for 5min at 55C, and then slowly cooling to 25C.Complexes
were prepared at room temperature by combining 200 mMprotein and 240 mM
DNA in 25 mM HEPES (pH 7.0), 5 mM Ca(OAc)2, 85 mM NaCl, and 1 mM DTT
(final concentrations). For ternary complexes, 1mMdCTPwas added. Crystals
were grown at room temperature by hanging-drop vapor diffusion after mixing
2 ml of the complex with 2 ml of well solution. The well solutions for all chimeras
contained 9%–21% PEG-3350, 100 mM MES-Tris or HEPES (pH 5.9–7.1),
100 mM Ca(OAc)2, and 2.5% glycerol, with the exception that Dbh-Dpo4-
Dbh also included 250 mM sucrose. Crystals were stabilized and cryopro-
tected by the addition of a solution containing 20% PEG-3350, MES-Tris (pH
6.5), 100 mM Ca(OAc)2, 25% v/v glycerol or 20% w/v sucrose, and 1 mM
dCTP (for ternary complexes). Crystals were flash cooled in liquid nitrogen.
X-Ray diffraction data were collected at Brookhaven National Laboratory
(BNL), National Synchrotron Light Source (NSLS) beamlines X25 and X29,
and were processed and scaled using HKL2000 (Otwinowski and Minor,
1997). The structures were solved by molecular replacement using Phaser
(McCoy et al., 2005) as implemented in PHENIX (Adams et al., 2010). Search
models used are described in the text. Structures were refined using PHENIX
(Adams et al., 2010), alternating with cycles of manual rebuilding using Coot
(Emsley et al., 2010) and PyMOL (Schrodinger, 2010). Structure figures were
made using PyMOL (Schrodinger, 2010).
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